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The authors present a detailed investigation of paraferroelectric phase transition temperature (7) of
SrTiOj5 ultrathin films grown by molecular beam epitaxy on Si substrate under various annealing
temperatures on the basis of recent understanding of the interfacial layer formation in constant
oxygen atmosphere. They show that T~ determined by the ultraviolet Raman spectroscopy is found
to enhance linearly with the increasing compressive thermal strain. The present work demonstrates
that the “strain engineering” room-temperature ferroelectricity in SrTiO; films can also be realized
through the rapid controlled annealing, in addition to the substitution of substrates in the
literature. © 2007 American Institute of Physics. [DOI: 10.1063/1.2784171]

There is great interest in the perovskite SrTiO; (STO)
due to a wide variety of applications, including gigabit dy-
namic random access memories, tunable microwave
devices,” a promising substitute for SiO, in gate dielectrics
or substrate for superconductors,3 etc. However, STO is an
incipient ferroelectric in the pure and unstressed form,*’
where large quantum fluctuations suppress the ferroelectric-
ity; and therefore, STO is a quantum paraelectric even at
very low temperatures. The enhancement of the STO para-
ferroelectric phase transition temperature (T) is absolutely
necessary to make it possible and convenient for the above
utilizations. Up to now, there are two ways available to
adjust 7. Traditionally, it is accomplished by chemical or
cation substitution such as Ba,Sr;_, TiO; (Refs. 6 and 7) or
through oxygen isotope exchanges. “ An alternative way to
change T is strain, as recent theories and experiments vali-
date the existence of ferroelectricity in STO thin films under
strain.™'®"" Strains could be from differences in crystal lat-
tice parameterss’“’12 and thermal expansion behavior'®"? be-
tween the film and the underlying substrate, or from defects
formed during film deposition. As a result of strain, the prop-
erties of STO thin films have been remarkably changed,
offering the opportunity to enhance particular properties of
the chosen material, which is called “strain engineering.”12

Various substrates, which provide different lattice mis-
match strain'’ or thermal expansion induced strain,'® were
employed to study the strain dependence of T, because the
boundary conditions imposed by a substrate 5profoundly af-
fect ferroelectricity in thin films. Haeni et al.” have reported
that the DyScO; substrate can increase 7. and produce
room-temperature (RT) ferroelectricity in STO thin films.
Alternately, annealing at high temperatures will not only in-
crease the crystallinity,14 but also change the boundary con-
ditions (or structure) with the formation of interfacial
layelrs,15 thus it could probably be a shortcut to adjust T
through strain from the interfacial layers. In this letter, we
focus on the paraferroelectric phase transition temperature of
epitaxial ultrathin STO films on Si substrates under various
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annealing temperatures (7). It should be noted that the an-
nealing process is quite complicated, during which the film
and the substrate are unstable next to each other. Fortunately,
a number of researches'®'” on the annealing process have
shed light on the interfacial structure between epitaxial STO
and the underlying silicon.

The studied STO ultrathin (~31 nm) films were grown
by molecular beam epitaxy (MBE) on Si substrates in a DCA
450 system. The growth process was monitored by reflection
high-energy electron diffraction, where the two-dimensional
growth was verified by the observation of persistent intensity
oscillations. Due to the large lattice mismatch, the epitaxial
STO layers were rotated (normally by 45°) around the Si
[001] surface, i.e., the crystallographic orientation of STO
(001)IISi (001) and STO [100]lISi [110]. Details of the growth
procedures and structural analysis were given elsewhere.'®"?
The as-grown sample was then cut into four pieces, which
were annealed at four different temperatures of 700, 800,
900, and 1000 °C for 2 h under fixed oxygen pressure of
107> mbar. Temperature-dependent Raman measurements
were performed on a Jobin Yvon LabRAM HR 800 UV
micro-Raman system. Spectra were recorded in the tempera-
ture range of 83-303 K in backscattering geometry using
325 nm He—Cd laser line as the excitation source.

Figure 1(a) shows the Raman spectra at 83 K of four
STO thin films under different 7, of 700, 800, 900, and
1000 °C. By comparing with the reported results, ¥ 182021 e
identify the strong peak at 547 cm™! to the transverse-optical
(TO), phonons and the weak peaks at 470 and 790 cm™! to
the longitudinal-optical (LO); and LO, phonons, respec-
tively. As marked with “V,” the high-frequency scattering
features around 1290 and 1590 cm™' are from two-phonon
processes of LO3;+TO; and 2TO,4, while the weak second-
order features can be observed between 600 and 700 cm™!.
The very weak Raman structures at 521 and ~1000 cm™!
(labeled with “V¥”) are related to the Si substrare.

It is accepted that STO thin films grown on Si belong to
displacive phase transition materials, that is, around 7, the
Ti cation moves from its centrosymmetric position towards
(001) direction within the perovskite unit cell, leading to a
Ti—O bond length distortion interpreted as a ferroelectric
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FIG. 1. (a) UV Raman spectra at 83 K of the STO thin films grown by MBE
on Si substrate at different 7, of 700, 800, 900, and 1000 °C. Peaks with V
are related to the second-order processes, and those with ¥ to Si substrate.
(b) Temperature evolution of TO, phonon of the STO thin films under T,
=700 °C. All spectra are plotted on the same scale, offset for clarity.

polarization.22 The soft mode TO,, consisting predominantly
of Ti-O-Ti bending,23 has been widely used as an evidence
of cubic-tetragonal phase transition.'*!! Naturally, TOy,,
caused mainly by Ti-O stretching,23 can be also taken as a
characterization of that paraferroelectric phase transition. In
fact, Tenne et al.”® have demonstrated recently that UV Ra-
man spectroscopy is an effective technique to measure 7 in
ferroelectric ultrathin films and superlattices from the Raman
intensities of the hard-mode TO, phonons. Figure 1(b) pre-
sents the temperature evolution of this TO4,-mode Raman
spectra for the STO film annealed at 700 °C. With the in-
creasing temperature, the intensity of this mode decreases
gradually and disappears near RT.

We can accurately determine 7 as the temperature
where the first-order Raman intensity becomes zero. Figure 2
displays the temperature dependence of the TO,-mode Ra-
man intensity of the four studied samples with the phonon
intensity normalized by the thermal population factor (Bose
factor) n+1=[1-exp(~hw/kT)]™" (where % is Planck con-
stant divided by 27, w is phonon frequency, k is Boltzmann
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FIG. 2. Temperature dependence of normalized Raman intensities of TO,
phonons (solid squares) for the four STO thin films with different 7. The
solid curves are fits to the linear temperature dependence.
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constant, and T is temperature) and by the Raman intensity at
83 K to correct for the general temperature dependence of
Raman intensity. The experimental data demonstrate a linear
decay trend with the increase of temperature and the solid
curves are linear fits to the results. Taking the intersection of
solid curves with the horizontal axes as the transition tem-
perature of the samples, we obtain T of 264, 267, 279, and
289 K for the STO films under 700, 800, 900, and 1000 °C
annealing, respectively.

It is generally established that the strain shifts the para-
ferroelectric phase transition temperature.5 1120 Our above
Raman data also emphasize the effect of strain on T, clearly
demonstrating the realization of RT ferroelectricity in STO
thin films via strain engineering. Recently, Goncharova et
al."” and Amy et al. ' have reported how the elemental com-
position of the interface and how the epitaxial film itself
change under annealing treatments. According to them, the
STO/Si interface undergoes substantial changes with the pro-
cess of strontium, titanium, or silicon atom diffusions and the
formation of interfacial layers composed of SrO, SiO,, etc.
As a result, the interfacial layers become crucial, since they
act as if a “reconstructed” substrate when their composition
and thickness change. As T, is enhanced, the interfacial lay-
ers grow and combine, with the composition changing from
“SrO and SiO,” at 700 °C to “SrO, TiSi,, and SiO,” at
1000 °C, and experiencing “Sr—Si—O, sandwiched between
SrO and Si0,” at 800 °C and “SrO, SiO, desorption, and Ti
diffusion into the silicon bulk™ at 900 °C.

Considering that the films were annealed at high tem-
peratures in oxygen, defects such as oxygen vacancies are
neglected. Therefore, strain may come from two parts, one is
the lattice mismatch between the film and the interfacial lay-
ers or the substrate and the other is the thermal expansion
mismatch between them. We concentrate on the latter, since
the rotation of the STO layer with respect to the Si substrate
by 45° mentioned above leads to a lattice mismatch rela-
tively small at 1.7%,"®'%** and annealing at high tempera-
tures will further release this strain®** with the improvement
of the film c1rystallinity.'4 Another important reason is that
above 550 °C annealing, there already exist the interfacial
layers, the top of which is SrO, which contributes almost the
same effects on the lattice mismatch strain under different
annealing conditions above 550 oV’

Based on the thermal expansion coefficients (TEC) of
the interfacial layers and substrate at various TA,2(’728
calculate the overall TEC value of the reconstructed substrate
from the STO/Si interface composition. Thermally induced
strain is then yielded via the difference in the TEC values
between STO (ayy,,) and the reconstructed substrate (ar):"
Ethermal=J %(asub—amm)dT. As shown in Fig. 3, it is found
that the thermally induced strain is tensile for 700 °C anneal-
ing (0.42%) and 800 °C (0.34%), and compressive for
900 °C (-0.07%) and 1000 °C (-0.38%). From Fig. 3, T,
enhances as the magnitude of the in-plane compressive strain
increases. The tremendous change in strain from
800 to 900 °C annealing demonstrates an onset of titanium
into the silicon bulk (TiSi, can be formed), thus the continu-
ity of the STO film is broken.'” It should be noted that
900 °C annealing gives the smallest thermal strain, indicat-
ing the best crystallinity,lg’29 consistent with the results
shown in Fig. 1(a), where the Raman spectrum of 900 °C T,
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FIG. 3. Dependence of T, on the thermal expansion coefficient mismatch
and thermal strain determined from the TO, hard mode Raman intensities of
different 7. The dotted curve displays a linear fit to the thermal strain
dependence, the dashed one demonstrates the predicted behavior of T
(Ref. 30).

In Fig. 3, the dotted curve is a linear fit to the results,
while the dashed curve shows the predicted behavior of T~
by Pertsev et al.® The deviation can be explained as a tem-
perature broadening of paraferroelectric phase transition in
STO thin films.'® Since the TO, mode Raman intensity is
related to the atomic displacement or polarization,20 it re-
flects the volume in the ferroelectric phase. When the tem-
perature increases, ferroelectric regions reduce while
paraelectric ones expand, instead of disappearing or occur-
ring at a well-defined point.21 Tikhomirov et al.”" have
shown by scanning optical microscopy that local ferroelec-
tric and paraelectric regions coexist over a broad temperature
range. Furthermore, the experimental and theoretical curves
approach with each other as 7, increases, indicating that an-
nealing would relax the inhomogeneous strain which is one
of the causes for broad ferroelectric phase transition in films
caused by the defects."!

Figure 4 illustrates that the frequency of TO, phonon
shifts downward from ~550 cm™! to less than 540 cm™! with
increasing temperature, and for the higher 7, the lower the
frequency of TO, near RT. We suggest that this phenomenon
can also be regarded as a sign of the process of the parafer-
roelectric phase transition, as shown by the dash-dotted lines
in Fig. 4.
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FIG. 4. Raman frequency of the TO, hard mode in STO thin films with
different 7, as a function of temperature. The dash-dotted lines show points
where this mode vanishes.
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